Abstract Many proteins have been isolated from eukaryotes as redox-sensitive proteins, but whether these proteins are present in prokaryotes is not clear. Redox-sensitive proteins contain disulfide bonds, and their enzymatic activity is modulated by redox in vivo. In the present study, we used thiol affinity purification and mass spectrometry to isolate and identify 19 disulfide-bond-containing proteins in Pseudomonas putida exposed to potential oxidative damages. Among these proteins, we found that a typical 2-Cys Prx-like protein (designated PpPrx) displays diversity in structure and apparent molecular weight (MW) and can act as both a peroxidase and a molecular chaperone. We also identified a regulatory factor involved in this structural and functional switching. Exposure of pseudomonads to hydrogen peroxide (H 2 O 2 ) caused the protein structures of PpPrx to convert from high MW complexes to low MW forms, triggering a chaperone-toperoxidase functional switch. This structural switching was primarily guided by the thioredoxin system. Thus, the peroxidase efficiency of PpPrx is clearly associated with its ability to form distinct protein structures in response to stress.
Introduction
Bacteria have various biological mechanisms to protect against oxidative stress and the resultant protein unfolding and aggregation mediated by reactive oxygen species (ROS) (Butterfield et al. 1999; Kim et al. 2002) . During the course of investigations into these protective mechanisms, a wide variety of antioxidant proteins have been discovered including superoxide dismutase, catalase, many types of peroxidases (Storz et al. 1990) , and various forms of molecular chaperones such as heat shock proteins (Hendrick and Hartl 1993) . Among these proteins, the peroxiredoxins (Prxs) have received considerable attention in recent years as a new and expanding family of thiolspecific antioxidant proteins (Kristensen et al. 1999) . They are also known as thioredoxin (Trx)-dependent peroxidases (Jeong et al. 2000; Jang et al. 2004 ) and alkyl hydroper-oxide reductase-C22 (AhpC) proteins (Kitano et al. 1999; Chauhan and Mande 2001; Chuang et al. 2006) .
Prxs are abundant proteins in Escherichia coli, and many organisms produce more than one isoform of Prx. At least six Prxs have been identified in mammalian cells. The Prxs use redox-active cysteines (Cys) to reduce peroxides and were originally divided into two categories, the 1-Cys Prxs and 2-Cys Prxs, based on the number of conserved cysteine residues directly involved in catalysis (Chae et al. 1994 ). Structural and mechanistic data have further divided the 2-Cys Prxs into two classes known as the "typical" and "atypical" 2-Cys Prxs. The 2-Cys Prxs contain both peroxidatic and resolving cysteine residues, and the sulfenic acid product of the peroxidatic cysteine is attacked by the 'resolving cysteine residue' located at the carboxy-terminus of the protein, which forms either intermolecular (typical 2-Cys) or intramolecular (atypical 2-Cys) disulfide bonds between the two cysteines. Crystal structures of Prxs have revealed that, whereas atypical 2-Cys enzymes are monomers, typical 2-Cys Prxs exist as either dimers or large toroid-shaped complexes consisting of a pentameric arrangement of dimers [an (α 2 ) 5 decamer] (Wood et al. 2003) . The latter has fivefold symmetry orthogonal to the ring and bear a striking resemblance to the electron microscopic images of high-molecular weight (HMW) species of Prx II (Wood et al. 2003; Jang et al. 2004) .
Prxs exhibit dual physiological functions as peroxidases and molecular chaperones (Jeong et al. 2000; Wood et al. 2003; Jang et al. 2004; Moon et al. 2005; Jang et al. 2006) . The molecular chaperone function has received considerable attention in recent years as a new role for these thiolspecific antioxidant proteins (Jeong et al. 2000; Jang et al. 2004; Moon et al. 2005; Jang et al. 2006) . In general, upon exposure to oxidative stress or heat shock, the Prx protein structure switches from a low-molecular weight (LMW) form with peroxidase activity to a HMW complex with molecular chaperone activity (Jang et al. 2004; Moon et al. 2005) . The molecular chaperone recognizes and binds nascent polypeptide chains and partially folded protein intermediates, preventing their aggregation and misfolding (Hartl 1996) . The oligomerization of Prx leads to an increase in surface hydrophobicity, which allows chaperone activity to increase (Chauhan and Mande 2001) .
ROS can induce a variety of biological responses. In addition, emerging evidence indicates that ROS can cause specific protein modifications that may lead to changes in the activity or function of the oxidized protein (Maher and Schubert 2000) . Protein sulfhydryls can be oxidized to protein disulfides and sulfenic acids, as well as more highly oxidized states such as sulfinic and sulfonic acids (Cumming et al. 2004) . Several disulfide-containing proteins that are involved in oxidative stress defense have been identified, and some of these proteins are induced under conditions of oxidative stress (Brown et al. 1995) . In bacteria, disulfide bonds are required for the stability and function of many proteins (Choi et al. 2001; Graumann et al. 2001) . In this study, we isolated 19 disulfide-bonded proteins from Pseudomonas putida KT2440, including a Prx-like protein (PP1084) that we renamed PpPrx. This prokaryotic Prx-like protein contains two conserved catalytic sites similar to the 2-Cys Prxs of other organisms and is capable of selfassociation to form HMW complexes; we therefore tested it for peroxidase and chaperone activity. Our genetic and biochemical studies revealed that PpPrx can act alternately as a Trx-dependent peroxidase and as a molecular chaperone. Furthermore, we show that the reversible switch between the dual functions of this protein is triggered by oxidative stress in connection with substantial structural changes.
Materials and methods

Bacterial strains, media, and materials
The bacterial strains P. putida KT2440 and E. coli were grown aerobically at 30°C in luria-bertani (LB) medium (DB, Franklin Lakes, NJ, USA) and were used for the cloning of the PRX gene. Yeast Trx and thioredoxin reductase (TR) were prepared as described (Chae et al. 1994) . Protein molecular size standards, used in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS_PAGE), were purchased from ELPIS (ELPIS, Daejeon, Korea). Ampicillin, L-rhamnose, bovine serum albumin (BSA), H 2 O 2 (30% v/v), nicotinamide adenine dinucleotide phosphate (NADPH), and trichloracetic acid (TCA) were obtained from sigma (Sigma, St. Louis, MO, USA).
Isolation of disulfide proteins P. putida KT2440 was grown to mid-exponential phase (OD 600 = 0.5) in 400 ml LB medium and split into 200 ml aliquots for stress and recovery sample preparation. H 2 O 2 was added to a final concentration of 0.5 mM; after 30 min, irradiation was performed with a gamma irradiator ( 60 Co, ca. 150 TBq of capacity; Atomic Energy of Canada Limited, Canada) at a dose rate of 30 gray (Gy)/h for 30 min. The stressed sample was immediately mixed with 1 volume of 20% TCA/acetone. After recovery, the sample was inoculated into fresh LB medium at 30°C and, after 30 min, was mixed with 1 volume of 20% TCA/acetone. Isolation of disulfide bond proteins was performed as described . Disulfide bond proteins were separated by 7.5-17.5% linear gradient SDS-PAGE and stained with Coomassie Brilliant Blue R-250. Protein bands were excised and digested with trypsin as described . Protein identification was performed using a QSTAR Pulsar-i MS system (AB/ MDS Sciex, Toronto, Canada) equipped with a nanoelectrospray ion source (MDS Protana, Odense, Denmark) as previously described After PCR amplification, the products (615 bp) were collected and purified, treated with T4 DNA ligase (Takara), and subcloned into the pGEM-T vector to produce PpPrx, which was then transformed into E. coli DH5α cells. These constructs were confirmed by nucleotide sequencing, and then the PpPrx fragment from pGEM-T was transferred to the pRSETa expression vector containing His 6 tag to create pRSETa::PpPrx.
E. coli KRX cells were transformed with pRSETa:: PpPrx; cultured at 30°C overnight in 5 ml of LB medium supplemented with ampicillin (100 μg/ml), and then transferred to 500 ml of fresh LB medium in a shaking incubator. When the absorbance of the culture at 600 nm reached 0.4, expression was induced by adding 20% Lrhamnose to the medium to obtain a final concentration of 0.2%. After incubation for an additional 8 h, the cells were collected by centrifugation, frozen in liquid nitrogen, and stored at −70°C until used. The His 6 -fused PpPrx was purified by using a Ni 2+ -nitrilotriacetate-agarose (Ni-NTA) column (Peptron, Daejeon, Korea) and eluted with a linear gradient of 200-500 mM imidazole in phosphate buffered saline (PBS) buffer. After dialysis against 50 mM HEPES buffer (pH 8.0), the protein concentration was measured using the Bradford (1976) method , with BSA as the standard. The purity of the purified recombinant PpPrx was determined with SDS-PAGE to be >99%.
Assays for peroxidase and chaperone activities
The Trx-dependent, NADPH oxidation-linked peroxidase activity of PpPrx was measured by the decrease in absorbance at 340 nm (A 340 ), and the chaperone activity of the protein was measured by using malate dehydrogenase (MDH) and citrate synthase (CS) as a substrates, as previously described (Hendrick and Hartl 1993; Lee et al. 1997; Cheong et al. 1999) . Turbidity due to substrate aggregation indicated a lack of chaperone activity and was monitored in a DU800 spectrophotometer equipped with a thermostatic cell holder (Beckman, Fullerton, CA, USA).
Size exclusion chromatography
Size exclusion chromatography (SEC) was performed at 25°C by fast protein liquid chromatography (AKTA; Amersham Biosciences, Piscataway, NJ, USA) using a Superdex 200 10/300 GL column equilibrated at a flow rate of 0.5 ml/min at 25°C with 50 mM HEPES buffer (pH 8.0) containing 100 mM NaCl. Protein peaks (A 280 ) were isolated and concentrated using a Centricon YM-30 (MILLIPORE, Billerica, MA, USA).
Electron microscopy and single-particle image processing For negative staining, fractionated proteins were diluted 50-fold with 50 mM HEPES buffer (pH 8.0). Following dilution, 5 μl of the final mixture was applied to a carboncoated grid that had been glow-discharged (Harrick Plasma, Ithaca, NY, USA) for 3 min in air, and the grid was negatively stained using 1% uranyl acetate. The same procedure was used for all specimens. For metal shadowing, the proteins were diluted ∼10-fold with 50 mM HEPES buffer (pH 8.0), then mixed with an equal volume of glycerol. The resulting mixture was sprayed onto freshly cleaved mica, then rotary shadowed with platinum at an angle of 6°. Grids were examined in a Technai G2 Spirit Twin TEM (FEI, USA) operated at 120 kV. Images were recorded at a magnification of 65,000 (0.37 nm/pixel). Electron microscopy (EM) methods were described in Burgess et al. (2004) .
Species-dependent structural switch of P. putida KT2440 PpPrx in response to oxidative stress To investigate the structural switch of PpPrx in cells exposed to H 2 O 2 , methyl viologen (MV), or gamma rays, cells were grown to an OD 600 of 0.5, and then split into 10 ml aliquots for stress and recovery samples. H 2 O 2 and MV were added to yield the indicated final concentrations for 30 min, and irradiation was performed at the indicated doses for 30 min. Each batch of stressed cells was harvested by centrifugation and resuspended in PBS. Crude extracts (3 μg) were dissolved in sample loading buffer and then resolved by native and reducing PAGE. Proteins were transferred to a nitrocellulose membrane and then analyzed by western blot using a mouse anti-PpPrx antibody. Immunoreactive proteins were detected using a horseradish peroxidase-conjugated goat anti-mouse secondary antibody.
In vivo observation of the structural switch caused by oxidative stresses P. putida cells were cultured in LB medium at 30°C in a shaking incubator. Cells were grown to mid-exponential phase (OD 600 = 0.5) in 100 ml LB medium and split into 50 ml aliquots for stress and recovery sample preparation. H 2 O 2 was added to a final concentration of 20 mM for 30 min. The stressed sample was immediately harvested. The recovery sample was inoculated into fresh LB medium at 30°C for 30 min and then immediately harvested. Crude cell lysates were subjected to native, non-reducing, or reducing PAGE. Their structural properties were analyzed by immunoblotting using an anti-PpPrx antibody.
Results
Isolation of antioxidant proteins containing disulfide bonds from a pseudomonad
We used a thiol-affinity purification method (Fig. 1A) and mass spectrometry analysis ) to isolate and identify disulfide-bonded proteins (DSBPs) from P. putida KT2440 exposed to the potential oxidative damages H 2 O 2 and gamma rays. The proteins from exposed cells separated into 25 major bands in a 15 cm gel with a 7.5-17.5% acrylamide gradient (Fig. 1B) . The expression of P. putida DSBPs was similar in the control and stress-treated samples, although the intensity of some protein bands increased after oxidative stress (Fig. 1B) . Single bands contained more than one protein, which hampered their subsequent identification by the QSTAR pulsar-i MS system, so that a total of 19 candidate DSBPs were identified and were grouped according to the cellular localizations predicted by the PSORTb tool (http://www. psort.org/psortb/) (Jennifer et al. 2003; Gardy et al. 2005) . Of the 19 DSBPs, 10 were predicted to be cytoplasmic proteins, four to be cytoplasmic membrane proteins, and Proteins extracted with SDS/Tris were treated with both iodoacetamide and N-ethylmaleimide to alkylate free sulfhydryls, and are designated by "R". (2) Disulfide bonds were converted into free thiols by reduction. (3) Proteins containing thiol groups were captured by thiol-disulfide exchange between the free thiol of the protein and the resin. (4) Proteins captured on the affinity resin were eluted with dithiothreitol (DTT). B SDS-PAGE analysis of fractions from the isolation procedure. DTT-eluted proteins were separated in a 15-cm gel with a 7.5-17.5% acrylamide gradient and stained with Coomassie Brilliant Blue R-250 Ba. The same amount of eluate from each sample was loaded. Lane 1 proteins eluted from unstressed cells after recovery conditions; line 2 proteins eluted after recovery from treatment with 0.5 mM H 2 O 2 ; lane 3 proteins eluted after recovery from treatment with 30 Gy gamma rays. Bb Numbers indicate the protein bands analyzed by LC/MS/MS five to be outer membrane or periplasmic proteins (Table 1) . Here, we report on the characterization of the protein PP1084, which encodes a 21 kDa protein that is similar to members of the AhpC/thiol-specific antioxidant protein family and contains three-thiol groups. PP1084 was predicted to function as an AhpC protein and a member of the Prx family by the Clusters of Orthologous Groups prediction tool (Jennifer et al. 2003; Gardy et al. 2005) . The PSORTb tool predicted that PP1084 which we renamed PpPrx is a cytoplasmic protein (Table 1) .
PpPrx functions as both a peroxidase and a molecular chaperone
We aligned the PpPrx sequence with eight protein sequences representative of AhpC proteins and Prxs from other prokaryotic and eukaryotic organisms. The alignment showed that these proteins each contained two perfectly conserved ValCys-Pro (VCP) tripeptides ( Fig. 2A) . The sequence homology between PpPrx and PA3529 of Pseudomonas aeruginosa PAO1 was 89%. Most importantly, PpPrx has a high degree of sequence homology and shares similar biochemical properties with other Prxs. Recent evidence has indicated that Prx proteins have dual physiological functions as peroxidases and molecular chaperones (Jeong et al. 2000; Wood et al. 2003; Jang et al. 2004; Moon et al. 2005) .
To investigate whether the 2-Cys Prx from P. putida possesses both peroxidase and molecular chaperone activities, we performed a series of experiments in vitro. PpPrx suppressed the thermal aggregation of the model substrate MDH at 43°C in a concentration-dependent manner (Fig. 2B) . At a subunit molar ratio of PpPrx to MDH of 0.5 vs. 1, MDH aggregation was completely suppressed. PpPrx can also efficiently protect the thermal aggregation of CS (Fig. 2C) , suggesting that PpPrx can indeed act as an efficient molecular chaperone. However, foldase activity as another chaperone activity was not detected (data not shown). To test the ability of PpPrx to reduce H 2 O 2 , we monitored the rate of NADPH oxidation promoted by H 2 O 2 and the change in A 340 with yeast Trx and TR acting as a reducing system. PpPrx exhibited low H 2 O 2 catabolic peroxidase activity (Fig. 2D) , substantially lower than that (Hirotsu et al. 1999; Schröder et al. 2000) . To test whether PpPrx also forms large complexes, we determined the molecular mass of purified PpPrx by using SEC. Only one major peak was present (Fig. 3A) . The majority of the PpPrx molecules were contained in the first fraction (F-1) and a minority in the second fraction (F-2). The molecular sizes of the proteins in the F-1 SEC fraction, which contained the largest multimer complexes, were too great to penetrate the pores of a 10% native polyacrylamide gel, and thus were retained at the top of the separating gel ( Supplementary Fig. 1A , F-1). In contrast, the second fraction, which consisted of proteins with molecular masses ranging from about 80-230 kDa, contained partial multimer complexes ( Supplementary Fig. 1A, F-2 ). In addition, the two fractions (F-1 and F-2) exhibited different structural patterns under non-reducing condition ( Supplementary Fig. 1B ).
The dual functions of recombinant PpPrx are regulated by protein structure in vitro A conserved feature of molecular chaperones is their tendency to associate into dimers, trimers, and higher oligomers in a reversible fashion (Hendrick and Hartl 1993) . In particular, many small heat shock proteins (sHSPs) are known to form HMW complexes in vivo, which is a prerequisite for their chaperone activity (Haley et al. 1998) . PpPrx exhibits stronger chaperone activity than a yTPx-positive control (Fig. 2B) , and HMW complex formation of a chaperone protein is a typical feature ( Supplementary Fig. 1A , F-1). We therefore investigated the specific peroxidase and chaperone activity in the F-1 and F-2 PpPrx fractions ( Fig. 3E and F) . The HMW complex fraction (F-1) exhibited high chaperone activity about fivefold compare to LMW fraction (F-2) and total protein fraction (Fig. 3E) , indicating that the chaperone activity of PpPrx was significantly affected by the structural composition. In contrast, the F-2 fraction had more peroxidase activity than the total protein, and the F-1 fraction showed lower peroxidase activity than total protein (Fig. 3F) . These results suggested that the formation of a HMW PpPrx protein can reduce the efficiency of peroxidase activity under normal conditions, whereas dissociation of the HMW complexes into LMW species can promote peroxidase activity under oxidative stress. Thus, the dual functions of PpPrx are clearly associated with their ability to form distinct protein structures.
Structural analysis of fractionated PpPrx with electron microscopy
To further investigate whether the dual functions of PpPrx are associated with the distinct protein structures, we used EM to visualize HMW complex structures (F-1 fraction) and LMW structures (F-2 fraction) of PpPrx. EM of negatively stained protein fractions revealed that fractionated proteins from F-1 and F-2 are in two different configurations, spherical and irregularly shaped small particles, respectively. It showed that spherical particles are with diameters ranging from 30 to 60 nm, possibly reflecting the number of assembled Prx molecules in each particle. In LMW species of PpPrx from the F-2 fraction, observed particles vary in size and in shape with diameters ranging from 8 to 12 nm that were distinct from the background ( Fig. 3C and D) . It was hard to detect ringshaped structures as shown in other reports of Prxs (Wood et al. 2003; Jang et al. 2004 ). Combinations of SEC and EM results suggested that PpPrx was predominantly in the form of HMW complex structures. Unlikely previous results from 2-Cys Prxs where the chaperone activities are increased by their oligomerization (Jang et al. 2004; Moon et al. 2005) , our results showed that chaperone activity of PpPrx was also affected by their oligomerization (Fig. 3E) . In contrast, the peroxidase activity was enhanced by dissociation of oligomeric HMW complex structures (Fig. 3F) . Structural switch of ppprx due to oxidative stress in P. Putida
The typical 2-Cys Prxs are the largest class of Prxs (Wood et al. 2003) and are identified by the conservation of their two redox-active cysteines, the peroxidatic cysteine (near residue 50), and the resolving cysteine (near residue 170) (Hofmann et al. 2002) . The typical 2-Cys Prxs are obligate homodimers containing two identical active sites (Alphey et al. 2000; Schröder et al. 2000; Wood et al. 2003) . Recently, studies of several typical 2-Cys Prxs revealed that their oligomeric states change dramatically between dimers and decamers in response to changes in the redox state that occur during the catalytic cycle (Wood et al. 2003) . We analyzed the structural changes of PpPrx that occurred in vivo in P. putida cells exposed to various oxidative stresses. After culturing cells with or without various oxidative stresses, crude extracts prepared from the cells were subjected to western blot analysis on native PAGE gels ( Fig. 4A and B) . The PpPrx proteins obtained from P. putida cells not treated with H 2 O 2 consisted of only one type of oligomeric structure as HMW complexes. When these cells were challenged with different H 2 O 2 concentrations for 30 min, most of the HMW complexes were immediately converted into LMW forms; however MV did not affect structural switching of PpPrx (Fig. 4A) . The expression of PpPrx increased in response to gamma rays in a dose-dependent manner up to 150 Gy. At 200 Gy, the expression level was lower than in control cells, although gamma rays did not affect structural switching of PpPrx (Fig. 4B) . We analyzed the structural changes of PpPrx after culturing cells with or without 20 mM H 2 O 2 by subjecting crude extracts prepared from the cells to western blot analysis on a native PAGE gel. When these cells were challenged with 20 mM H 2 O 2 for 30 min, most of the HMW complexes were converted into LMW proteins. However, the LMW proteins returned to their original structures within 30 min following the removal of H 2 O 2 (Fig. 4C) . To further investigate dissociation mechanism of PpPrx, we performed a series of experiments in vivo (Fig. 4D) . Although we were unable to detect any H 2 O 2 -induced structural changes in PpPrx directly (Fig. 4D, lane 7) , the adding of dithiothreitol or NADPH promoted conversion of monomer forms on non-reducing-PAGE (Fig. 4D, lanes 1  and 3) . The dissociation of PpPrx suggested that PpPrx could be reduced using NADPH as an electron donor. In fact, we were able to detect structural changes in PpPrx indirectly, using the Trx system containing Trx and TR (Fig. 4D, lane 5) . H 2 O 2 stimulated a Trx system-dependent structural change in PpPrx in vivo (Fig. 4D, lane 4) . These results suggest that Trx is essential for the formation of LMW forms of PpPrx in vivo (Fig. 4D, lane 5) ; in contrast, the glutathione (GSH) system is not essential for the structural switching for PpPrx in vivo (Fig. 4D, lane 6 ).
Discussion
The 2-Cys Prx proteins are members of a ubiquitous family of peroxidases that participate in redox-sensitive signaling and act both as peroxidases with antioxidant activity and as molecular chaperones (Wood et al. 2003; Jang et al. 2004; Chuang et al. 2006) . Most 2-Cys Prxs form conditiondependent oligomeric structures, although the physiological relevance of the association, or dissociation, of these proteins has been unclear. The PpPrx we investigated in this study is found in P. putida and belongs to the typical prokaryotic 2-Cys Prxs. Like other 2-Cys Prxs, PpPrx exhibits dual functions as a peroxidase and a molecular chaperone (Fig. 2C to D) . Although, PpPrx had about fourfold lower peroxidase activity than yTPx as positive control, PpPrx exhibited about 3∼4-fold higher chaperone activity than yTPx (Fig. 2B) . In addition, PpPrx suppressed the thermal aggregation of MDH and CS at 43°C; however, foldase activity as another chaperone activity did not observed. These functions are regulated by dynamic exchanges in its oligomeric structures. These functions are regulated by dynamic exchanges in its oligomeric structures like sHSPs. The sHSPs have been previouly reported that molecular chaperone activity of sHSPs was modulated by their oligomerization (Leroux et al. 1997) . A common feature of sHSPs is their formation of large oligomeric complexes. The simplest and best characterized sHSP quaternary structure is Methanococcus jannaschii sHSP16.5 which is a hollow spherical complex composed of 24 subunits generated by a threefold crystallographic symmetry operation of an asymmetric unit containing eight subunits (Kim et al. 1998) . Plant sHSPs assemble into complexes of 200-300 kDa (Waters et al. 1996) and the typical oligomeric size of α-crystallins and sHSPs from mammals and yeast is between 400 and 800 kDa (Bentley et al. 1992; Groenen et al. 1994) . Thus, the HMW complex structure of PpPrx could also exhibit high chaperone activity about fivefold compare to LMW forms, whereas LMW forms predominately exhibited high peroxidase activity ( Fig. 3E and F) . In addition, we also discovered that these structural changes are sensitively regulated by H 2 O 2 in vivo, which in the presence of the Trx system dissociates the HMW PpPrx complexes into LMW forms (Fig. 4D, lane 5) . This differs from previous reports in which the Trx system and oxidative stresses restructured the LMW forms of several 2-Cys Prxs into HMW complexes (Jang et al. 2004; Moon et al. 2005) . This structural change is specific for H 2 O 2 because the oxidative stresses of gamma rays and MV did not affect the dissociation of PpPrx from HMW complexes into LMW forms (Fig. 4A and B) . Furthermore, although PpPrx formed a regular oligomeric structure that was converted into LMW forms by H 2 O 2 in vivo. However, Fig. 5 A model of oxidative stress-dependent structural and functional switching of PpPrx from a molecular chaperone to a peroxidase In the normal condition, PpPrx exists in cells principally in oligomeric and HMW complex forms. The structures are formed by two independent pathways, one H 2 O 2 -insensitive and the other H 2 O 2 -sensitive. In the H 2 O 2 -insensitive pathway, the HMW complexes act as superchaperones, which offer a high level of protection to substrate proteins against oxidative stress. In the H 2 O 2 -sensitive pathway, most HMW complexes are converted to LMW forms by the Trx system in vivo to remove the oxidative stress of H 2 O 2 . The Trx system containing Trx-TR is also necessary for the dissociation of HMW complexes into LMW protein species the direct regulation of the structural change by H 2 O 2 was not occurred (Fig. 4A, lane 7) . PpPrx was only reduced by the Trx system, resulting in disassociation of the oligomeric structure and transition to LMW forms in vivo (Fig. 4D) .
Our observations allow us to develop a comprehensive model of how PpPrx functions as both a peroxidase and a chaperone during oxidative stress (Fig. 5) . This model shows that PpPrx can reversibly change its protein structure in vivo from HMW complexes to LMW species through two different pathways, H 2 O 2 -insensitive and H 2 O 2 -sensitive. At low concentrations of ROS generated under normal conditions, PpPrx exists principally in oligomers and HMW complexes in cells. In the H 2 O 2 -insensitive pathway, the HMW complexes act as chaperones, which offer a high level of protection to substrate proteins against oxidative stress. In the H 2 O 2 -sensitive pathway, Trx switches most of the HMW complexes to LMW forms in vivo. The LMW PpPrx function acts as a Trx-dependent peroxidase that catalyzes the removal of H 2 O 2 .
Our results suggest that H 2 O 2 reversibly changes PpPrx protein structures in vivo from HMW complexes into LMW forms. This dissociation of the complexes into LMW species enhances the peroxidase activity. When P. putida cells are exposed to H 2 O 2 stress, cells need a powerful H 2 O 2 scavenger. To meet this need, the HMW complexes of PpPrx are converted into LMW forms (Fig. 4C) , which exhibit effective peroxidase activity (Fig. 3F) in proportion to the H 2 O 2 concentration.
In conclusion, the dual functions of 2-Cys Prxs in modulating ROS concentrations and preventing protein aggregation may act as potent stress sensors and chaperones to protect P. putida cells against various stresses, enabling them to survive and persist in extreme environments.
